We show that the rheological characteristics of a fresh cement paste can be determined from inclined plane tests. The apparent flow curve measured from inclined plane flows coincides with the apparent rheogram from classical rheometer tests and the flow curve obtained from local Couette flow measurements with magnetic resonance imaging (MRI). In order to describe the thixotropic properties of these fluids we suggest to use a simple model, the four parameters of which may be determined from specific, practical, inclined plane experiments.
INTRODUCTION
In general, viscometric flows (i.e. constant history of the strain rate) are obtained by confining a fluid within different geometries under specific boundary conditions (torque, rotation velocity). For fresh concrete one typically uses geometries such as Couette, vane or parallel disks, with wide gaps appropriate for coarse suspensions [1, 2] . The theoretical background for such flows may be found in Coleman et al. [3] and Bird et al. [4] . Besides, inclined plane flows can be used to determine rheological properties of pasty materials. Indeed uniform, steady flows over an inclined plane are viscometric flows and the thickness of the critical thickness, h c , for fluid stoppage or incipient flow is directly related to the fluid yield stress, t c , through t c = rgh c sinb, where r is the fluid density, g the gravity, and b the plane slope. This technique is particularly appropriate for determining the yield stress of coarse concentrations [5 -9] as one may arbitrarily fit the boundary conditions (slope angle) so as to get a critical thickness much larger that the largest particle size for the continuum assumption to be valid. In addition, for the simple relation between the yield stress and the flow characteristics to be valid, the sample thickness must be much smaller than its spreading extent
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Applied Rheology Volume 18 · Issue 1 over the plane. As a consequence the sample volume to be used is often rather large, which can be a disadvantage of the technique. The usual procedure consists in pouring a given volume of paste and measuring the final thickness in the central region of the layer after fluid stoppage. Uhlherr et al. [10] have developed another technique based on the determination of the critical angle of the flow start for an uniform thickness of fluid.
Here we present a more complete rheological study of a cement paste from inclined plane tests. Besides yield stress determination (from static tests), we carried out transient tests and measured the surface velocity and the thickness in time in order to have more information about the thixotropic characteristics of the fluid. In that aim we first need to develop a thixotropic model appropriate for describing the rheological behavior of the fluid. In the first section we present this model and its application to inclined plane experiments. Mix fitting and preparation procedure of the tested cement paste along with inclined plane and usual rheometrical tests are detailed in the second section. The predictions of the model are then compared with inclined plane and conventional rheometrical data. We show that the parameters of the model can be determined from a series of simple inclined plane experiments, which should constitute a practical technique for coarse suspensions such as fresh concrete.
THIXOTROPIC MODEL
Various, more or less sophisticated, models for describing the rheological properties of thixotropic fluids were developed in the past. In the field of cementitious materials, on the basis of experimental observations, Tatersall [11] and Papo [12] predicted an exponential decrease of the shear stress (or torque) if a constant shear rate is applied to the material. Recently, from a rather complete physical description of the flocculation and dispersion mechanisms, Wallevik [13] was able to predict both the steady state and transient behavior of fresh cement pastes.
The thixotropic behavior of a fluid is necessarily at least represented by an apparent viscosity, i.e. h = t/g · where t and g · are respectively the shear stress and the shear rate magnitudes, depending on the current state of flocculation of the materials, or more generally its "degree of jamming" [14, 15] which, as a first approximation, can be described by a single parameter l. Cheng and Evans [16] suggested a general mathematical form for this equation:
(1)
A kinetic equation must now describe the evolutions of l in time as a function of the shear rate history:
The usual assumption in that field consists to consider that the rate of change of l results from the competition between a tendency of the material to restructurate (or flocculate) and a destructuration (deflocculation) due to the deformations induced by the flow. By definition the first term is independent of flow characteristics and mainly dependent of material characteristics, while the second term is proportional to the flow rate and the current flocculation level. The model of Coussot et al. [17] uses these simple basic ideas to get a simple set of equations describing the material behavior in time:
(3) (4) in which h 0 is the viscosity of the fully deflocculated suspension, i.e. when l tends toward zero, n is a constant positive parameter, 1/q is a material parameter which expresses the flocculation rate at rest, and a is another material parameter. This model was used to model bentonite flows in a wide-gap Couette rheometer [18] . The predictions of the model were then successfully compared with local MRI measurements. Recently another version of this model, now including a yield stress depending on l, was used by Roussel [19] for describing the transient behavior of fresh concrete.
One of the advantages of this model lies in the fact that it does not have an explicit yield stress. Consequently, the discontinuity problems due to the solid-liquid boundaries occurring in numerical simulations with usual yield stress models, do not occur here. Nevertheless, with the above simple model the solid regions can still be determined: they are associated with the regions in which the viscosity tends towards infinity as a function of time. In this context, under creep tests conditions one may determine (Roussel et al. [18] ) an implicit yield stress as: (5) in which: (6) is a critical shear rate below which no steady flows can occur, with k =(n -1) 1/n . Note that this critical shear rate is associated to a critical structural state l c = 1/k.
DYNAMIC TESTS
Here we consider uniform flows of a fluid over an inclined plane. We assume that edge effects are negligible (i.e. the layer thickness is much smaller than its longitudinal and lateral extent). Let us consider the case of steady state flow. From the momentum equation we find the shear stress variation with the distance from the wall, y, (Figure 1 ): (7) in which t w = t(y = 0) is the shear stress at the wall. As for a wide-gap Couette flow the shear stress distribution is heterogeneous, so that there is no straightforward relationship between the macroscopic variables and the constitutive equation. Remark that the velocity of the fluid along the free surface is simply found by integration of the shear rate between the plane and the free surface:
Differentiating this equation we find a simple relation between the shear rate along the wall and the variation of the surface velocity with the layer thickness under constant slope: (8) where V surf is the surface velocity and h the thickness of the fluid layer. This equation makes it possible to determine the flow curve from a set of (h, V surf ) data in a sufficiently wide range.
STATIC TESTS
We determine the yield stress from the critical angle, b c , at which the flow starts. In that case we have:
For a thixotropic material this yield stress is only an apparent yield stress depending (i) on the flow history, i.e. here the time, t rest , spent at rest before the beginning of the test, and (ii) somewhat on the procedure for determining it (the timing of plane inclination). As a first approximation we thus get yield stress values function of t rest . Let us consider that for a given test the material layer is in a uniform structural state l when we start inclining the plane. Combining Eqs. 3 and 4 we find the apparent yield stress of the material: (10) If now the material is initially coated over the plane in an initial state l 0 then left at rest a time t rest the model predicts that the apparent yield stress will be given by Eq. 10 with (11) 
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MATERIALS AND PROCEDURES

MIX FITTING
We chose to use white cement instead of usual cement in order to minimize the C4AF fraction in the material. Indeed MRI measurements can be strongly affected by the presence of Fe paramagnetic oxides [20] . As the cement particles had to be stable for at least one hour (nor static sedimentation neither dynamic segregation during tests) a viscosity agent was added. After a series of preliminary (rheometrical) tests with different materials we chose the mix fitting given in Table 1 , which provided a cement paste with a rheological behavior well representative of the various tested batches and previously observed by other authors [21] , i.e. yield stress and shear thinning behavior, significant structuration at rest and time-dependency. The W/C value for our cement paste was 0.35.
PREPARATION PROCEDURE
We used a Heidolph High-Torque Dual-Range mixer with a high efficiency propeller. The rotation speed was controlled with an optic tachometer. All the samples were prepared in a 3 liter inox cup. The superplasticizer was introduced in the water and the solution was mixed at 260 rpm for 60 s. The white cement and the nanosilica particles were then added. The obtained suspension was mixed at 700 rpm for 15 min and then at 260 rpm for 15 min . The superplasticizer is intended to fluidize the material and delay the cement settling. The long mixing aims at giving the superplasticizer enough time to play its full role in the mixture as its active matter is initially encapsulated and slightly diffuses outside during mixing.
RHEOMETRY PROCEDURE
Conventional rheometrical tests were carried out with a Rheologica RM500 rheometer with a Couette geometry with a thin gap (inner radius: r 1 = 10 mm, outer radius: r 2 = 10.8 mm). The walls were covered with sand paper (equivalent roughness: 125 mm) in order to prevent slip. Before each measurement each sample was presheared at 150 s -1 for 60 s. Then the apparent shear stress was increased step by step (10 s per step) logarithmically in the range [0. 1 -150 Pa] in such a way that 20 steps were recorded in this range. Then the stress was decreased in a similar way. The set of apparent shear rates g · = Wr 1 /(r 2 -r 1 ), in which W is the rotation velocity of the inner cylinder, and corresponding, apparent shear stresses t = C/2phr 1 2 , is then used to deduce the apparent flow curve of the material with the help of Eq. 8.
INCLINED PLANE TESTS
For the inclined plane we used either a sheet of aluminium (length: 200 cm, width: 70 cm) (dynamic tests) or a wood plate (length: 70 cm, width: 40 cm) (static tests) covered with sand paper (equivalent roughness: 125 mm) in order to prevent wall slip (Figure 2 ). Just after mixing the cement paste was poured inside a circle (40 cm diameter) lying over the horizontal plane. This procedure is aimed at obtaining a paste layer with a constant reproductible thickness in the initial state. After withdrawing the circle the cement paste had the form of an almost uniform layer of 8 mm thickness and 30 cm diameter (Figure 3) . Then the material was left at rest on the horizontal plane over a given time t rest .
For the static tests the plane was tilted with a simple device made of a rope and a pulley (Figure 4) . A digital inclinometer gave us the slope angle with an uncertaintly of 0.1º. We defined the critical angle, b c , for flow start as the angle for which we could observe a significant motion of the free surface of the central area of the fluid layer. Such a criterion is somewhat subjective and may be at the origin of some uncertainty on the results. In our case we arbitrarily considered
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Applied Rheology Volume 18 · Issue 1 that a significant flow occurred when the front advanced over a distance larger than its thickness within about ten seconds of observation. A more precise determination of the critical angle would require observations over longer times and a more precise criterion of flow. We nevertheless expect that our specific procedure yields consistent and good approximations of the yield stress values.
For the dynamic tests the plane was directly inclined to an angle b > b c in order to get a significant paste flow. The plane was inclined with the help of an hydraulic jack which makes it possible to control the rate of increase of the slope, and thus the time for reaching the final angle. This time was chosen to be around 2 s in order to minimize the effects of flow start during the slope increase. The flows were filmed with a high resolution numeric movie camera (24 pictures per second). Analysing the movies provided us with the free surface velocity and layer thickness as a function of time. In that aim we observed lines of a laser grid projected onto the free surface with a small angle incidence. With the help of geometric considerations the position of these lines in time can be used to deduce the thickness of the fluid layer (see Figure 5) . Due to the small number of lines (5) we only obtained limited information about the fluid thickness in time. The surface velocity was determined with the help of a PIV (Particle Image Velocimetry) technique cross-correlating the information of two successive pictures. This method requires the dispersion of markers on the free surface of the layer. As markers we used rape seeds ( Figure 5 ) because of the good light contrast with the white cement paste and their low density which precludes any sedimentation effect. Here we only present the results obtained with t rest = 30 s.
RESULTS
DYNAMIC TESTS
Surface velocity measurements give us a complete distribution of velocity in time and space ( Figure 6 ). One observes that the velocity goes to a maximum value then progressively decreases. Moreover the distribution is not homogeneous in the width. Close to the boundaries the velocities remains smaller than in the central region. Although the resolution is much lower concerning the thickness (we only have access to five lines at the free surface and the precision on the height measurement is not high since it results from the pixel size, i.e. 0.76 mm), its variations in time and space are qualitatively similar to those of the velocity.
Let us focus on a central region in which the surface velocity and thickness values are approx-
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Applied Rheology Volume 18 · Issue 1 imately homogeneous. The qualitative shape of the velocity or thickness vs time curves suggests that the flow is composed of a thick front (with large velocity and thickness) followed by a thinner streak (with small velocity and thickness). We also remark that peak level of the velocity versus time curve increases with the slope angle, while the thickness is mostly independent of the slope angle ( Figure 8 ). This is expected since the shear stress increases with the slope angle, which induces faster flows. Note that the velocity curves seem to reach the same master curve after some time of flow, which at least suggests that after some time of flow transient effects are negligible.
Assuming that the flow has reached a pseudo-steady state and using the velocity vs thickness data we compute the apparent rheogram after two different flow durations: Dt = 1 s, associated to the front passage, and Dt = 5 s associated with the almost steady state flow. These curves are then compared to the apparent rheogram obtained with a thin gap Couette geometry and to rheogram obtained from local MRI measurements [20] (Figure 9 ). The results for Dt = 1 s are in good agreement with the MRI rheogram which should a priori represents the intrinsic rheological properties of the cement paste. The results for Dt = 5 s are similar to the apparent rheogram with a thin gap Couette geometry. This good agreement is not surprising as we can expect that the apparent flow properties of the two configurations (incline plane flow and thin-gap Couette flow) are somewhat similar, in particular because at this stage the inclined plane flow has a small height, close to the Couette flow gap. The agreement between the inclined plane flow after 1 s and the MRI rheogram is much less expected and we do not consider it as a general effect, but more likely a result of experimental uncertainties concerning thickness measurements.
STATIC TESTS
The critical angle for start flow increases almost linearly with the time of rest ( Figure 10 ). As a con-
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Applied Rheology Volume 18 · Issue 1 sequence, according to Eq. 9 the apparent yield stress of the material is proportional to the time spent at rest. Thus the cement paste is not a simple yield stress fluid which may be characterized with the help of a Bingham, a Herschel-Bulkley or a Casson models, the material restructuration implies that the material yield stress is not unique. In Figure 11 we plotted the theoretical curve predicted from Eq. 10 coupled with Eq. 11 with the parameters values of our simple thixotropic model and deduced from independent MRI experiments with the same material [20] (i.e. n = 1.22, h 0 = 0.269 Pas, q = 0.15 s, and a = 0.203). The theoretical curve is not situated exactly within the experimental data cloud, it is significantly outside and at higher stress levels. Remark in this model the parameters of the structuration kinetics are similar in flow and rest regime. With our procedure (determination of the parameters from MRI measurements after changes in rotation velocity) we in fact focus on the flow characteristics in the liquid regime. Thus we can suggest that other parameters (in fact modifying the model to take into account a true solid regime would be ideally more appropriate) of the model, and in particular concerning the structuration kinetics, might give predictions in better agreement with our data. This is effectively the case, as may be seen in Figure 11 . In that case the time q takes a value sixteen times and the exponent n is only slightly larger than the values of the initial fit. So it seems that our model cannot correctly represent both the structuration at rest and the flow properties of our fresh cement paste.
In fact, our finding of a linear structuration of the material as a function of time is valid only in a limited range of time. It is likely that we would find some kind of logarithmic (or decreasing exponential) variation over a wider range of time. Moreover we have shown that some irreversible aging effects can occur after some time with such a cement paste [20] , effects that are not taken into account in our model, and neglected in our experiments. The refinements of the model these effects would require are much too complex with regards to our effective understanding of the problem. In this context the main advantage of this theoretical approach (i.e. with a simple model) is to have a model with only four parameters, which proves useful in practice. Indeed, from critical angle measurements we can determine q, n, and h 0 /a. Then from rheometrical tests we can get the viscosity h 0 as it corresponds to the apparent viscosity at high shear rates. Thus from very simple measurements we can already have a good estimate of the thixotropic properties of fresh cement pastes and predict some of their flow characteristics under various (steady or transient) flow conditions.
CONCLUSION
From inclined plane measurements we showed that cement pastes exhibit a yielding behavior which differs from that predicted by usual yield stress models. Inclined plane "static tests" show that the apparent yield stress depends on the time spent at rest before the test. A simple thixotropic model, with only four parameters, has been used to represent the experimental data. Theoretical predictions and experimental data are in relatively good agreement although various effects may have affected this comparison (large uncertainty on some measurements, aging effects not taken into account in the model). Also the apparent rheograms deduced from inclined plane "dynamic test" are in good agreement with those obtained from conventional rheometry. Finally, a simple and practical method, based on the analysis of static tests, is described which makes it possible to determine the parameter values of the model. Thus from very simple measurements we can already have a good estimate of the thixotropic properties of fresh cement pastes and predict some of their flow characteristics under various (steady or transient) flow conditions.
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